Relatively few studies have examined plasticity of inhibitory neuronal networks following stroke in vivo, primarily due to the inability to selectively monitor inhibition. We assessed the structure of parvalbumin (PV) interneurons during a 5 min period of global ischemia and reperfusion in mice, which mimicked cerebral ischemia during cardiac arrest or forms of transient ischemic attack. The dendritic structure of PV-neurons in cortical superficial layers was rapidly swollen and beaded during global ischemia, but recovered within 5-10 min following reperfusion. Using optogenetics and a multichannel optrode, we investigated the function of PV-neurons in mouse forelimb somatosensory cortex. We demonstrated pharmacologically that PV-channelrhodopsin-2 (ChR2) stimulation evoked activation in layer IV/V, which resulted in rapid current sinks mediated by photocurrent and action potentials (a measure of PV-neuron excitability), which was then followed by current sources mediated by network GABAergic synaptic activity. During ischemic depolarization, the PV-ChR2-evoked current sinks (excitability) were suppressed, but recovered rapidly following reperfusion concurrent with repolarization of the DC-EEG. In contrast, the current sources reflecting GABAergic synaptic network activity recovered slowly and incompletely, and was coincident with the partial recovery of the forepaw stimulation-evoked current sinks in layer IV/V 30 min post reperfusion. Our in vivo data suggest that the excitability of PV inhibitory neurons was suppressed during global ischemia and rapidly recovered during reperfusion. In contrast, PV-ChR2 stimulation-evoked GABAergic synaptic network activity exhibited a prolonged suppression even ϳ1 h after reperfusion, which could contribute to the dysfunction of sensation and cognition following transient global ischemia.
Introduction
Global ischemia occurs during cardiac arrest and has been implicated as a complication that can occur following cardiac surgery (Block, 1999) . It induces delayed neuronal death in human and animal models, particularly in the hippocampus (Zola-Morgan et al., 1986) , but also can affect the cortex (Hossmann and Sato, 1970; Koh et al., 1996; Block, 1999; Chavez and LaManna, 2002; Murphy et al., 2008; Xie et al., 2013) . Inhibitory interneurons only constitute ϳ20% of cortical neurons, yet these interneurons are crucial in regulating the balance of excitation and inhibition (E/I), plasticity, and functional architecture of cortical circuits (Markram et al., 2004) . Among interneuron subtypes, parvalbumin (PV) neurons have been recently shown to modify sensory perception (Cardin et al., 2009; . Moreover, accumulating evidence shows that abnormality of GABA systems, particularly in altered PV expression, is common in many brain disorders, including schizophrenia, bipolar disorder, and major depression (Torrey et al., 2005) , and could putatively occur in human patients following cardiac arrest-or cardiac surgery-induced global ischemia (McKhann et al., 1997; Lim et al., 2004) .
Postmortem studies have shown that hippocampal PVneurons are more resistant to global ischemia-induced neuronal cell death. This resistance was attributed to enhanced Ca 2ϩ buffering via PV (Nitsch et al., 1989; Freund et al., 1990; Johansen et al., 1990) . However, how the structure and function of PVneurons change during and following a reversible ischemic event is not clear. Conventional electrophysiological approaches to directly characterize PV-neurons in this setting via patch-clamp electrophysiology are not technically feasible due to the recording duration required and complexities involved with using the ischemic model in vivo. In this study, we used optogenetic tools and Cre-dependent transgenic mouse lines (Madisen et al., 2010; to investigate cortical PV-neuronal dendritic structure, intrinsic excitability, and network synaptic function during global ischemia and reperfusion. We demonstrate that PV inhibitory neurons are not spared from the damaging effects of global ischemia with respect to their structure and function.
Materials and Methods
Animal and surgical procedures. Adult male parvalbumin-Cre (PV-Cre) knockin mice (B6;129P2-Pvalb tm1(cre)Arbr /J) and Ai9 Cre reporter strain (B6;Cg-Gt(ROSA)26Dor tm9(CAG-tdTomato)Hze /J) aged 2-3 months were used. Experimental protocols were approved by the University of British Columbia Animal Care Committee and conformed to the Canadian Council on Animal Care and Use Guidelines. A 3 ϫ 3 mm cranial window was made over the somatosensory cortex. Body temperature was maintained throughout the surgical and experimental procedures at ϳ37°C. In all animals the cortical surface temperature was maintained at ϳ36.5°C by attaching a custom-made stainless steel head plate connected to a temperaturecontrolled water pump . Intraperitoneal injection of urethane (0.12% w/w) was used for anesthesia except for viral injection. show overlay between PV-Cre expression and PV-antibody immunohistochemical (IHC) staining. Layer borders are indicated on the left. Ratios of PV IHC ϩ cells distributed through layer I to VI and tdTomato expressed cells/PV IHC ϩ cells are shown on the right (mean Ϯ SEM, n ϭ 2). B, AAV1.DIO.ChR2-eYFP or AAV1.flex.tdTomato was injected into the somatosensory cortex (350 -400 m depth) of PV-Cre mice at ϳ1 nl/s using glass pipettes (tips are Ͻ25 m in diameter) at least 3 weeks before experiments. ChR2-eYFP or tdTomato expressing cells and PV IHC are shown. Stars indicate ChR2-eYFP (and tdTomato) and PV IHC ϩ colocalized cells. Ratio of viral-expressing cells to PV IHC ϩ cells is shown on the right. C, Experimental design: one group of mice with AAV1.flex.tdTomato injection was used to perform 2P imaging of PV-neuron structure; the other group of mice with AAV1.DIO.ChR2-eYFP injection is used to perform functional study of PV-neurons with optogenetic stimulation. Both groups of mice receive a 5 min CCAO-induced global ischemia followed by reperfusion. Isc, ischemia.
Global ischemia model. Five minute common carotid arterial occlusion (CCAO) was performed as in previous studies to induce a reversible global forebrain ischemia under urethane anesthesia (S. Xie et al., 2013) . We only considered ischemia that generated a Ͼ6 mV DC-EEG depolarization as being successful for further analysis. The PV-Cre transgenic mouse line used in this study is made within C56BL/6 background that typically lacks posterior communicating arteries, allowing bilateral CCAO to create significant forebrain ischemia (Fujii et al., 1997; Sheng et al., 1999) . Reduction of blood flow (Ͼ80% of baseline level) in the somatosensory cortex during CCAO was previously confirmed by measuring red blood cell velocity in small vessels (Murphy et al., 2008) , and also by assessing regional blood flow in motor and somatosensory cortices using laser speckle imaging and laser Doppler flowmetry (Panahian et al., 1996) . Reperfusion after 5 min of CCAO can rapidly restore flow to Ͼ75% of baseline level within 3-5 min (Panahian et al., 1996; Xie et al., 2013) .
Two-photon imaging and analysis. Two-photon (2P) excitation was performed with a Mai Tai Ti-sapphire laser and tuned to 970 nm to excite tdTomato. A median filter (radius, 1 pixel) was applied to reduce photon and photomultiplier tube noise. Detection and quantification of the fraction of damaged dendrites was performed using BlebQuant, a MATLABbased software program that examined the first 40 -60 m maximal intensity z-projections of the cortex (S. Chen et al., 2011) .
Forepaw stimulation. To stimulate the forepaw, thin acupuncture needles were inserted into the contralateral forepaw and a 1 ms, 1 mA electrical pulse was delivered by a constant current stimulus isolator (A385; World Precision Instruments) triggered by Clampex-controlled 1322A Digidata system (Molecular Devices).
Viral injection. A 0.5-0.8 l AAV1.EF1a.DIO.hChR2(H134R)-EYFP.WPRE.hGH or AAV1.CAG.FLEX.tdTomato.WPRE.bGH (Penn Vector Core) was injected by a syringe infusion pump (model UMC4; World Precision Instruments) as previously reported into the forelimb somatosensory cortex (ϳ2.3 mm lateral to the bregma, depth at 350 -400 m, speed at ϳ1 nl/s) of PV-Cre mice 3-4 weeks before imaging and optrode recording ( Fig. 1B) . Isoflurane (1.5%) mixed with oxygen was used for anesthesia.
EEG recording and analysis. The methods have been described previously (S. . Briefly, a single surface electrode was placed within 1 mm of the forelimb somatosensory cortex for recording DC-EEG. EEG signals were sampled at 1 kHz. AC-EEG was filtered into 0.3-3 Hz from DC-EEG using a Chebyshev filter.
Optrode stimulation, recording, and analysis. To obtain information from different cortical depths, a silicon optrode (A1x16 -3 mm-50 -413-Op16; NeuroNexus Technologies) was used for recording LFP and multi-unit activity (MUA), and also for laser-inducing ChR2 stimulation (S. . The optrode contained 16 recording sites (413 m 2 , 0.7-1.2 M⍀ impedance), arranged linearly with 50 m spacing between each site. A 473 nm laser (IKE-473-100 OP; IkeCool) was coupled to the optrode using a fiber-optic patch cord (FC-x.x-NNC; Neu-roNexus Technologies). Using coordinates obtained from an atlas of mouse cortex (Allen Institute), the optrode probe was inserted into the forelimb somatosensory representation (posterior 0.3 mm, lateral 2.0 mm to the bregma) to a depth of 800 m to target layers I-VI. ChR2 stimulation was performed with an optrode-integrated laser fiber (105 m diameter). The fiber tip was positioned ϳ50 m above the recording site nearest to the cortical surface. Laser power was adjusted to ϳ5 mW at the fiber tip and 10 ms laser stimulation induced consistent and stable LFP responses in all recording sites. LFP signals were digitized using a portable 16-channel data acquisition system (USB-ME16-FAI-System; Multi Channel Systems). The 16-channel LFP signals were recorded and amplified (ϫ1000), and all 16channel LFP signals were sampled at 25 kHz. To quantify the PV-ChR2 stimulation-evoked LFP responses, the differences between baseline (averaged from 100 ms before the ChR2 stimulation) and downward peak (minimum LFP within 10 -50 ms after the onset of ChR2 stimulation) were quantified as the putative depolarization of PV-neurons; the differences between the baseline and upward peak (maximum LFP within 10 -50 ms after the onset of ChR2 stimulation) were quantified as the putative network hyperpolarization mediated by inhibitory synaptic transmission. To resolve MUA from LFP recording, we applied a similar analysis as shown in our previous report (S. , using an open sources MATLAB-based program WaveClus (Quiroga et al., 2004) . Briefly, an off-line bandpass filtering (600 -6000 Hz, elliptic filter) was performed (Kahn et al., 2011) . Automated amplitude thresholding (4 -7 times SD of background noise, negative peak only) was used to detect spikes from the filtered data. Relatively large laser stimulation artifacts were removed by setting an upper bound threshold (40 times SD of background noise). Each spike was saved as 35 time point data. The spikes detected from baseline recording were averaged (reference spike) for sorting MUA (correlation coefficient to reference spike Ͼ0.9). We did not perform single-unit sorting because we found the optrode was not sensitive enough to resolve single unit, and also global ischemia changed the waveform. Only LFP signals from 400 -600 m depth (layer IV/V) were quantified for group data.
Current sources density analysis. Recording from a 16-channel optrode was used for functional analysis. For pharmacological data, current source density (CSD) analysis was averaged from at least 30 repetitions of PV-ChR2 or forepaw electrical stimulation trials. For ischemic data, CSD analysis was averaged from 10 repetitions from baseline recording (before global ischemia), and 3 repetitions following global ischemia and reperfusion for optimized temporal resolution. Baseline correction was applied using the 50 -80 ms prestimulus period as baseline. CSD analysis was performed using the MATLAB-based program CSDplotter (Pettersen et al., 2006) . We applied the cubic spline iCSD method, where cortical parameters were set as follows: SD of the Gaussian filter ϭ 0.1 mm, extracellular cortical conductivity ϭ 0.3 S/m, top conductivity ϭ 0.3 s/m, activity diameter ϭ 0.5 mm. The peak amplitude of current sinks or current sources was sorted within 50 ms following PV-ChR2 or forepaw stimulation relative to the baseline recording (50 -80 ms prestimulus). CSD data from 400 to 600 m depth (layer IV/V) were averaged and quantified for group data.
Figure 3.
Sixteen-channel optrode laminar recording of PV-ChR2-mediated local field potential signals and CSD analysis in the cortex. A, A 16-channel optrode (OA16; NeuroNexus Technologies) with an optical fiber attached at ϳ50 m above the first recording site was placed into the somatosensory cortex of AAV.DIO.ChR2-injected PV-Cre mice for local field potential recording and ChR2 stimulation. The contralateral forepaw was electrically stimulated to induce sensory cortical responses for comparison. B, Left, A diagram shows the distribution of each recording site of the optrode in the somatosensory cortex. Right, 10 ms, 5 mW of blue laser PV-ChR2 stimulation-evoked LFP signals corresponding to laminar layers before (black) and after being killed (red). C, CSD analysis is performed with cubic spline iCSD method based on 16-channel LFP signals using the MATLAB-based program CSDplotter. Euth, euthanasia. A, Cortical application of 30 M TTX partially suppresses the peak value of 10 ms, 5 mW light-evoked PV-ChR2 downward LFP signals [Ai, Aiii; peak value is calculated as the difference between the downward peak (b) and baseline (a)] and abolishes the light-evoked upward LFP signals (Ai, Aiv, c؊a; c, upward peak; a, baseline value) in layer IV/V. Cortical application of 1 M gabazine depresses the PV-ChR2 stimulation-evoked upward LFP signals (Aii, Aiv), while it does not significantly change the peak value of the downward LFP signals (Aii, Aiii) in layer IV/V. B, The same application of TTX or gabazine abolishes (Ai, Aiii) or amplifies (Aii, Aiii) the peak value of 1 ms, 1-1.5 mA forepaw stimulation-evoked LFP signals (b؊a) at the same recording site, respectively, confirming the drug action deep input layers. C, CSD analysis of the PV-ChR2 stimulation-evoked and the forepaw stimulation-evoked responses through layer I to V confirms the conclusion from LFP measurements without potential far-field signal contamination. TTX partially suppresses the PV-ChR2 stimulation-evoked current sinks and abolishes the PV-ChR2 stimulation-evoked current sources in layer IV/V; gabazine abolishes the PV-ChR2 stimulation-evoked current sources in layer IV/V. All numbers are normalized to the value before drug application, mean Ϯ SEM, *p Ͻ 0.001, RM-ANOVA, n ϭ 5 for each drug. All traces in A-C are averaged from 20 to 30 repetitions. Some sweeps with occasional seizure-like depolarization in gabazine experiment were removed from the analysis.
Pharmacology. Ten PV-ChR2-expressed mice were used for pharmacological experiments. For experiments involving GABAA receptor antagonist, gabazine (1 M; Sigma, n ϭ 5) or TTX (30 M; Sigma, n ϭ 5) was dissolved in physiological saline solution and applied to the craniotomy (Harrison et al., 2012) . The compounds were allowed to incubate for ϳ20 min before starting optrode stimulation and recording.
Transcardial perfusion and immunohistochemistry. Mice were transcardially perfused with PBS followed by chilled 4% PFA in PBS. Coronal brain sections (50 m thickness) were cut on a vibratome (Leica VT1000S), and were incubated with mouse anti-parvalbumin antibody (1:500; Sigma) overnight, and subsequently incubated with Alexa 488 or 594 anti-mouse (1:1000; Invitrogen) for 2 h. Images were acquired using confocal microscopy (Zeiss LSM510).
Statistical analysis. All values were normalized to the percentage of pre-CCAO value (100%) except DC-EEG. A one-way analysis of variance (ANOVA) followed by Bonferroni's post hoc tests was used to compare differences in dendritic damage, LFP peaks, and CSD results at each time point to pre-CCAO baselines in experimental groups. The other comparisons were analyzed with repeated measures (RM)-ANOVA. Significance was set at p Ͻ 0.05.
Results

AAV viral transduced selective expression of tdTomato and ChR2-EYFP in PV-Cre mice
Our initial work involved confirming that the ChR2 expression pattern was associated with PV inhibitory neurons. We visualized the Cre expression pattern of PV-Cre mice by crossing them with a Rosa26 tdTomato reporter line, leading to expression patterns expected for Cre-dependent AAV vectors (Kuhlman and Huang, 2008) . Immunoreactivity with PV antibody almost exclusively labeled PV-Cre cells (Fig. 1A) . PV-neurons were relatively enriched in layer IV and V of the forepaw somatosensory cortex (Fig. 1A) . To allow a selective investigation of the structure and function of PV-neurons, we injected Cre-inducible AAV vector containing tdTomato or ChR2-eYFP into the somatosensory cortex of PV-Cre mice (Fig. 1B) . The virally transduced expression of tdTomato or ChR2-eYFP spanned from layer I to VI and colocalizes with PV immunostaining (Fig. 1B) .
Reversible loss of PV-neuron dendritic structure following global ischemia and reperfusion
We investigated the impact of reversible global ischemia on the dendritic structure of PV-neuron dendrites located within the first 100 m of somatosensory cortex (Fig. 1C) . In contrast to layer 5 excitatory neurons (Brown et al., 2007) , PV-neurons exhibited few or no clear spines on their dendrites (Fig. 2Aiia) . Therefore, we focused on potential structural alterations apparent within the dendrites. All dendrites were imaged using ϳ40 to 60 m z-stacks within layer 1 taken at ϳ2 min intervals. Cortical surface temperature was maintained at ϳ36.5°C using a temperature-controlled thermoregulation system Xie et al., 2012) . Six of 10 animals exhibited Ͼ6 mV DC-EEG depolarization (Fig. 2B ) following induction of global ischemia; and this DC shift was associated with Ͼ90% suppression of spontaneous EEG power (filtered into 0.3-3 Hz; Fig. 2B ). Damage to dendritic structure was assessed using an automated software procedure we previously developed termed BlebQuant (S. Chen et al., 2011) . CCAO induced dendritic damage to PVneurons within 4 min (77.4 Ϯ 7.6% blebbed dendrites), which correlated with the appearance of ischemic depolarization (DC-EEG). The damage consisted of regular dendritic swellings or blebs similar to reports from pyramidal neurons (S. Zhang . Reperfusion rapidly recovered the dendritic structure to near the baseline levels within 10 min (1.6 Ϯ 0.9% blebbed dendrites) and remained stable for the following hour (0.2 Ϯ 0.1% blebbed dendrites at 1 h). These results indicated that the dendritic structure of PV-neurons is vulnerable to ischemic injury, but this apparent injury is reversible following reperfusion.
Pharmacological characterization of PV-ChR2 stimulationevoked electrical responses in the somatosensory cortex
In pilot studies, we were unable to reliably detect light-induced PV-ChR2 stimulation-evoked responses as EEG signals using a surface silver wire (data not shown). However, to achieve more sensitive recordings and to also provide cortical laminar information regarding PV-ChR2 stimulation-evoked responses, we used a 16-channel optrode. The optrode permitted stimulation of ChR2-expressed PV-neurons from a laser fiber positioned ϳ50 m above the cortical surface and simultaneously recording of the light-evoked LFP responses throughout the layers of the somatosensory cortex. At alternate time intervals we recorded the contralateral forepaw electrical stimulation-evoked LFP (Fig.  3A) . Noticeably, there were larger PV-ChR2 stimulation-evoked LFP signals in layer IV/V compared with shallower layers, even with much less laser exposure at deeper layers (Fig. 3B) .
To further confirm the localization of PV-ChR2 and forepaw stimulation-evoked responses and eliminate far-field signal contribution, we performed CSD analysis on 16-channel LFP data. CSD analysis showed that a 10 ms, 5 mW blue laser stimulation induced rapid current sinks followed by current sources in layer IV/V (Fig. 3C ), appearing as a downward dip followed by a rapid upward rise in LFP signals (Fig. 3B) . In theory, these were typical responses generated from photocurrent and action potentialinduced current influx (sinks) followed by an inhibitory synaptic activation-mediated current outflow (sources) in the local network (Mitzdorf, 1985) . A 1 mA, 1 ms forepaw electrical stimulation induced typical current sinks in layer IV that rapidly extended toward layers II/III and upper layer V (Fig. 4C ), similar to previously reported findings in the somatosensory cortex (Mégevand et al., 2009) .
Cortical surface bath application of 30 M TTX suppressed the peak amplitude of layer IV/V PV-ChR2 stimulation-evoked current sinks to 42.3 Ϯ 14.2% of baseline level (downward LFP to 48.5 Ϯ 17.9% of baseline level) and abolished the current sources/upward LFP (Fig. 4Ai ,Aiii,Aiv,C). Bathing with 1 M GABAA receptor antagonist gabazine abolished the peak value of the current sources/upward LFP without affecting the peak value of the current sinks/downward LFP ( Fig. 4Aii-iv,C) . The actions of TTX and gabazine within layer IV/V were confirmed by the blockade and amplification of forepaw stimulation-evoked current sinks/LFP signals, respectively ( Fig. 4Bi -iii,C). We suggest that the current sinks/downward LFP reflected the excitability of PV-neurons (ChR2 channel photocurrent and PV-neuron action potential), while the current sources/upward LFP reflected a GABAergic inhibitory synaptic network activity upon PV-neurons stimulation.
ChR2-based functional assessment of PV-neurons in the cortex following a 5 min transient global ischemia and reperfusion
Pharmacologically defined excitability (current sinks/downward LFP) and GABAergic synaptic network activity upon PV-ChR2 stimulation (current sources/upward LFP) were used to characterize the function of PV-neurons in layer IV/V following a 5 min global ischemia and reperfusion in the forelimb somatosensory cortex in mice. We considered an animal that has Ͼ6 mV DC-EEG shift following the onset of global ischemia as successful global ischemia (Fig. 5A, n ϭ 5) . AC-EEG power (0.3-3 Hz) exhibited faster suppression during global ischemia and delayed recovery compared with DC-EEG shift following reperfusion (Fig. 5A) , which was consistent with our previous reports (Murphy et al., 2008; Xie et al., 2013) and structural experiments (Fig. 2B) . We recorded 10 ms, 5 mW blue laserstimulated PV-ChR2-evoked LFP responses as well as 1 ms, 1-1.5 mA electrical stimulation of contralateral forepaw-evoked LFP responses throughout cortical layers (0 -800 m) before, during a 5 min global ischemia, and following reperfusion (Fig. 1C) and then performed CSD analysis (Fig. 5 B, D) . MUA was extracted from raw LFP signals, where spiking activity was counted over a 150 ms period following the onset of electrical forepaw stimulation and over a 70 ms period following the onset of blue laser stimulation (Fig. 5Ci-iii) . We considered the short-latency PV-ChR2 stimulation-evoked MUA as mostly PV-neuron singleunit activity, given that the stimulation of the inhibitory neurons should have suppressed spontaneous MUA. This proposal is supported by a silent period following the laser stimulation where few spikes were observed (Fig. 5Cii, baseline) . Peak values of current sinks (downward LFP) and current sources (upward LFP) from the prestimulation values were measured. Five minute global ischemia greatly suppressed all forms of activity in layer IV/V evoked by PV-ChR2 stimulation or forepaw stimulation. Activity gradually recovered within ϳ1 h following reperfusion (Fig. 5E ), suggesting that the function of PV inhibitory interneurons was not spared from the effect of ischemia, but can be partially restored by introducing reperfusion.
We then compared the PV-ChR2 stimulation-evoked current sources, sinks, and MUA to further determine the relationship between the changes of putative excitability of PV-neurons (current sinks, time-locked MUA) and GABAergic synaptic network activity upon PV-neuron stimulation (current sources, upward LFP). One minute after the onset of global ischemia, the PV-ChR2 stimulation-evoked current sources were suppressed more rapidly than the current sinks (24.2 Ϯ 10.7 vs 84.9 Ϯ 13.4% of baseline, p Ͻ 0.01). Global ischemia further depressed both the current sources and sinks (putative GABAergic synaptic network activity and PV-neurons excitability measure respectively) to Ͻ10% of baseline level at 4 min. Approximately 3 min after the induction of reperfusion, the excitability of PV-neurons (current sinks) started to recover, whereas the inhibitory synaptic transmission-mediated network activity (current sources) exhibited prolonged suppression (84.9 Ϯ 13.4% of baseline vs 2.1 Ϯ 4.3%, p Ͻ 0.001). The mismatch between the recovery of current sinks and sources was present during the first hour after reperfusion (Fig. 5F ) . Interestingly, the stimulation time-locked MUA of PV-neurons showed a slower suppression and faster recovery compared with the current sources during global ischemia and immediately following reperfusion. This suggested a period that PV-neurons can still generate action potentials, yet cannot fully synaptically signal surrounding neurons to generate the GABAergic synaptic network activity. Similar to PV-ChR2 simulationevoked current sources, the forepaw stimulation-evoked current sinks and MUA were depressed rapidly following the induction of global ischemia and recovered more slowly and incompletely following reperfusion (Fig. 5G) , consistent with our previous work with LFP analysis (S. . Noticeably, the forepaw stimulation-evoked MUA in layer IV/V depressed more rapidly during global ischemia, and recovered more slowly within 9 min following reperfusion, compared with the current sinks (Fig. 5G) . It indicated a period that the cells in layer IV/V had current influx, but were less likely to generate action potentials following sensory stimulation. There were no differences between the suppression and recovery of PV-ChR2 stimulation-evoked GABAergic synaptic activity and the forepaw stimulation-evoked responses within the first 0.5 h following reperfusion ( p Ͼ 0.05; Fig. 5G ). The differences between PV-ChR2 stimulation-evoked current sources and forepaw stimulation-evoked current sinks at 55 min following reperfusion (Fig. 5G ) may suggest a mismatch of layer IV/V network activity that is dependent on GABAergic synaptic transmission (Fig. 4C ) and glutamatergic synaptic transmission (S. .
Discussion
In the present study, we have selectively investigated the structure and network function of PV-neurons in mouse forelimb somatosensory cortex during acute global ischemia and reperfusion using optogenetic tools, in vivo imaging, and optrode recording. Despite having structurally intact dendrites and excitable membranes, GABAergic synaptic transmission-dependent network activity was not functionally recovered within the first hour after reperfusion (Fig. 6 ).
Inhibitory neurons are not spared from dendritic damage during global ischemia
Previous studies in both humans and rodents suggest that global ischemia-induced neuronal loss is enriched in the hippocampal CA1 region, and can result in impaired learning and memory (Zola-Morgan et al., 1986; Block, 1999) . However, it has been shown that the cortex can also be impaired by short periods of global ischemia despite lacking widespread neuronal death; and this could contribute to cognitive deficits (McKhann et al., 1997; Lim et al., 2004) . We have previously shown that a transient global ischemia can induce a reversible damage of the apical dendritic structure of layer V excitatory neurons during ischemic depolarization (Murphy et al., 2008) . Our current findings suggest that PV-neurons are as vulnerable as pyramidal neurons to the acute insult of ischemia on dendritic structure. This vulnerability is apparent despite previous reports indicating enhanced resistance of PV-neurons to ischemia-induced neuronal death, which has been attributed to their enhanced Ca 2ϩ buffering via parvalbumin (Nitsch et al., 1989; Freund et al., 1990; Johansen et al., 1990; Tortosa and Ferrer, 1993) . Conceivably, this enhanced Ca 2ϩ buffering is insufficient against the initial ischemic depolarizationtriggered massive Ca 2ϩ elevation that can be independent of direct NMDA receptor-mediated Ca 2ϩ influx (Jarvis et al., 2001; Anderson et al., 2005; Thompson et al., 2006; Murphy et al., 2008) . It is also possible that some changes to PV-neuron structure may be indirectly caused by ischemic depolarization-induced compression due to swollen components of adjacent cells (Andrew et al., 2007) such as glia (Risher et al., 2012) .
Dissecting the cortical laminar electrical signals upon PV-ChR2 stimulation
Compared with the conventional techniques used to measure excitability and synaptic function of select neurons, such as patch-clamp electrophysiology (Pang et al., 2002; Runyan et al., 2010) , optogenetic-based measurements have the advantage of potentially being less invasive and able to sample potentially more locations. However, we acknowledge that our approach using extracellular electrophysiological recording of optogenetic stimulation-evoked responses may not be a specific measurement restricted to light-activated neurons, as other synaptically active cells are within the network. In support of the method, we pharmacologically show that the PV-ChR2 stimulation induces rapid current sinks followed by current sources in layer IV/V that were dependent on PV-neuron depolarization and GABAergic inhibitory synaptic transmissionmediated network activity, respectively. It is unclear why the PV-ChR2 simulationevoked current sinks and sources were localized in relatively deep layers, despite these layers receiving much less illumination from the laser localized above the cortical surface. This might be due to a relatively higher density of PV-neurons in layer IV/V ( Fig. 1A ; Ren et al., 1992; Pfeffer et al., 2013) . It is also possible that the anesthesia suppresses neuronal activity in superficial layers (Petersen et al., 2003; Constantinople and Bruno, 2011; Q. Chen et al., 2012) .
Mechanisms of prolonged loss of GABAergic synaptic network activity following reperfusion
In our study, the reduction of PV-neuron excitability during and immediately following ischemic depolarization is likely related to a loss of membrane potential and depolarization block of PV-neurons (Hossmann, 1971) . The observed persistent suppression of GABAergic network activity (evoked by PV-ChR2 stimulation) following reperfusion is consistent with previous reports from rat hippocampal brain slices (Zhan et al., 2006) , and may in part be mediated by a depression of presynaptic release caused by adenosine receptor activation (Pang et al., 2002; Ilie et al., 2006; Z. Chen et al., 2014) . Alternatively, ischemia-induced internalization or downregulation of postsynaptic GABAergic receptors (Alicke and Schwartz-Bloom, 1995; Qü et al., 1998 ) is a postsynaptic mechanism for loss of inhibitory synaptic activity. Moreover, reversal of GABA transporter following ischemia (Allen et al., 2004) could deplete the sources of presynaptic exocytosis and saturate the postsynaptic receptors to suppress generation of phasic GABA activity.
Implications of prolonged deficits in PV-neuron stimulationdependent GABAergic synaptic transmission following reperfusion on cognition and functional recovery
Previous evidence has shown that focal stroke can cause sustained alterations in the E/I balance in peri-infarct cortex (Buchkremer-Ratzmann and Witte, 1997; Clarkson et al., 2010 Clarkson et al., , 2011 Carmichael, 2012) . Restoring the E/I balance by blocking tonic GABA currents (Clarkson et al., 2010) or stimulating AMPA-type glutamate receptors (Clarkson et al., 2011) promotes functional recovery after focal stroke. Despite the fact that inhibitory neuronmediated phasic GABA current is not the predominant inhibitory conductance source in the cortex (tonic currents can be greater; Carmichael, 2012), it could still be critical for stroke recovery since it can regulate brain states (Cardin et al., 2009 ) and sensory processing that leads to perception Wilson et al., 2012; Pfeffer et al., 2013) . There is no direct in vivo evidence about whether global ischemia and reperfusion could result in E/I imbalance. Previous work using brain slice electrophysiology has shown that 4 min of in vitro ischemia and reperfusion, which mimics in vivo global ischemia and reperfusion model, permanently impaired the excitability and GABAergic synaptic transmission of cortical inhibitory neurons. Interestingly, this manipulation made principal neurons more excitable during reperfusion (Wang, 2003) . Our in vivo results have shown that the structure and excitability of both cortical pyramidal neurons and PV inhibitory neurons recovered concurrently with the repolarization of the recorded EEG during reperfusion after stroke (Murphy et al., 2008; Xie et al., 2013) , whereas PV-neuron stimulation-dependent GABAergic synaptic network activity exhibited a prolonged suppression at least over the first hour that was assessed. Our work assessing sensory responses suggests excitatory circuits also experience a persistent suppression, but were less impaired than the GABAergic synaptic network activity upon PV-ChR2 stimulation 1 h after reperfusion. We propose that the incomplete recovery of GABAergic synaptic transmission could contribute to E/I imbalance and lead to the deficits of sensory and motor processing in the cortex (Lesnick et al., 1984; Xie et al., 2013) . While we mention changes in E/I balance, it is also important to remember that these changes are likely to occur in the background of profoundly suppressed activity that occurs in the days to weeks after stroke (Krakauer et al., 2012) . These mismatches may contribute to cognitive dysfunction following a transient global ischemia (Nunn and Hodges, 1994; McKhann et al., 1997; Lim et al., 2004) . Optogenetic-based chronic recordings in combination with behavioral assessments are needed to further explore these hypotheses in the future.
In this study, we have developed a novel methodology to assess the structure and network function of a particular inhibitory neuron population in vivo, following a transient ischemic episode. This method can be applied to chronically study changes within inhibitory neuronal networks during other brain diseases Figure 6. Summary figure: coincident sensitivity of pyramidal and interneurons to the acute effects of global ischemia and reperfusion. Five minute global ischemia induces the loss of apical dendritic integrity and suppression of membrane excitability of both excitatory neuron and PV inhibitory neuron in the cortex, and suppresses the GABAergic synaptic network activity in the cortex and forepaw stimulation-evoked cortical response. Reperfusion rapidly recovers the dendritic structure and membrane excitability of excitatory and PV inhibitory neuron, whereas the GABAergic synaptic network activity and forepaw stimulation-evoked response recover slowly and incompletely. Gray drawing shows neuronal structure. Black traces show electrophysiological signals.
with a chronic imaging window (Holtmaat et al., 2009; Drew et al., 2010; Yang et al., 2010) or optrode implantation . With the development of multicolor optogenetic techniques (Tye and Deisseroth, 2012; Lin et al., 2013; Klapoetke et al., 2014) , it would be possible to monitor the function of different neuronal subtypes in the same mouse following stroke. Moreover, our approach can also be used to test potential stimulation paradigms that target inhibitory neuron networks as potential treatments for stroke patients (Hummel and Cohen, 2006; Kravitz et al., 2010; Cheng et al., 2014) .
